Introduction
============

Epithelial ovarian cancer (EOC) is the most lethal gynecologic cancer, with half of the cases occurring above the age of 65 years [@B1]. The survival of women with EOC strongly decreases with age and, whereas in younger women the 5-year survival has increased by 15% to 20% since 1975, the rate has not changed in older women [@B2]. The reasons for this increased aggressiveness are still poorly understood. Without EOC, a 75-year-old woman has a life expectancy of 12 years and an 85-year-old woman has a life expectancy of 7 years. Therefore, competing mortality can only explain a small part of the increased mortality of older EOC patients. Other contributing factors include undertreatment and early treatment discontinuation [@B3], [@B4]. Yet, even adjusting for patient characteristics, stage, and treatment delivered, the risk of dying from EOC in older women is 1.8 times higher that of women under 70 years [@B5], [@B6]. Few papers have been published on the underlying biological mechanisms that might explain this prognosis trend. Therefore we undertook a broad review of mechanisms that have been linked to EOC prognosis and/or aging in patients with EOC in the published literature (Table [1](#T1){ref-type="table"}).

Methods
=======

We developed this expert review by focusing on the question: "What biological mechanisms may underlie the worse prognosis of ovarian cancer with aging?" We developed a 3-step approach: First, we created a table of all the mechanisms we could find via PubMed or cross references that had been linked either to prognosis in EOC or to aging. We placed as a restriction that the mechanisms considered should have at least one report on patient tissue or human studies. Once we identified a list of potential candidates we repeated the search to find corresponding data in the literature on either the aging (if the initial mechanism was linked to EOC) or EOC (if the initial mechanism was linked to aging), and integrated the findings in a first draft. The final selection was made to present in this review the mechanisms that have the strongest evidence linking both EOC prognosis and aging. Ideally, these would be found in a single article, but such articles are exceedingly rare. Therefore our report adopts the following general format: Association of the mechanism with EOC prognosis; association with aging; association with age in EOC. Each mechanism section has a short summary paragraph. An overview is provided in Table [1](#T1){ref-type="table"}. We offer general thoughts at the end of the article.

Results
=======

1. Cellular and humoral Immunity {#Section1}
--------------------------------

### 1.a. Association with EOC prognosis

EOC has an intimate interaction with host immune cells. The ability of primary EOC to metastasize first involves shedding of tumor cells from the primary ovarian mass to the peritoneal fluid or ascites [@B7]. These malignant cells within the ascites exist in suspension alongside a complex milieu of stromal cells, immune cells, and soluble factors. It has long been recognized that the presence of tumor infiltrating lymphocytes, notably CD3+ T cells, associated with the primary ovarian mass equated to longer overall survival [@B8], [@B9]. However an immune-suppressive subset of T cells, T regulatory cells (Tregs) defined as CD4+, CD25+, FoxP3+ [@B10], [@B11] were reported to increase in numbers in EOC patients [@B12], and the accumulation of Tregs in ovarian tumors correlates with poor outcome [@B13]-[@B17]. In contrast, the presence of CD8+, or cytotoxic T cell infiltrates in ovarian tumors has been associated with better outcome and may be more predictive than other T cell subsets [@B8], [@B15], [@B18]. T cell ratios may also correlate with outcome as several reports have observed a higher ratio of CD8+ T cells to CD4+, CD25+, FoxP3+ Tregs correlated with improved overall survival [@B13], [@B19]. A comprehensive assessment of immune cells as prognostic factors in EOC was recently performed by Santoiemma et al [@B20]. In an immunohistochemistry analysis of an ovarian cancer tissue microarray comprised of 135 cases, these researchers reported that infiltrating CD3+ T cells were positively associated with response to chemotherapy while CD4+ cells were negatively associated with response to chemotherapy. Further, the presence of infiltrating CD8+ T cells and the ratio of CD8+ to FoxP3+ T cells were prognostic of improved 5 and/or 10 year survival [@B20].

Further, tumor cell surface receptors that modulate the immune response have increasingly become the targets of novel therapeutics and are the subject of many ongoing clinical trials [@B21], [@B22]. Checkpoint inhibitors against programmed death 1 (PD1), cytotoxic T lymphocyte antigen 4 (CTLA-4) and programmed death ligand 1 (PDL1) continue to be actively investigated [@B22]-[@B24]. The expression of programmed death ligand 1 (PDL1) on primary EOC tumors was shown to be an overall negative predictor of survival [@B25], [@B26]. Additionally, it was reported that expression of PDL1 can be induced on cells in ascites of an EOC mouse model and correlates with peritoneal spread [@B27]. Modulation of the major histocompatibility complex (MHC) I expression is a known mechanism of tumor immune evasion [@B28], [@B29]. Mariya et al, reported that low MHC I expression correlated with poor prognosis in serous EOC as well as endometrioid and mucinous EOC [@B28], [@B30].

The role of CD20+ B cells in EOC is not clearly understood [@B31], [@B32], although some literature suggests that increased B cell infiltrates was associated with longer survival times [@B20], [@B31], [@B33]. Natural killer cells have a known role in anti-tumor response and are associated with improved prognosis in EOC [@B34]. In contrast, CD68+ macrophage acquire an immunosuppressive phenotype (M2 phenotype) when in proximity to tumor tissue and contribute to disease progression. However, CD68+ macrophage were reported to have no benefit or provide a disadvantage to survival [@B35], [@B39].

Strategies to target EOC with tumor-specific antibodies have been more elusive, likely secondary to lack of an optimal surface antigen. A 2014 Cochrane review of trials using antigen-specific targeting failed to establish a conclusive evidence for efficacy of such strategies in EOC [@B35]. The majority of studies were targeted for CA-125 targeted antibody therapy. There was increased survival in humoral and/or cellular responders in non-randomized clinical trials but large randomized placebo-controlled trials did not show any clinical benefit despite induction of immune responses in approximately 60% of participants [@B36], [@B37].

Several different vaccination approaches have been explored in EOC including simple vaccine preparations consisting of specific peptides and proteins, as well as more complex strategies, such as engineered cellular vaccines, dendritic cell (DC) vaccines, virus-vectored vaccines, and oncolytic viruses. The majority of the vaccines have focused on using cancer-testis antigens (e.g. NY-ESO-1), and proteins known to be overexpressed in EOC (e.g. p53, survivin, MUC1). In general, while the majority of the studies demonstrated evidence of cellular and humoral response to the antigens, clinical benefit afforded by vaccination has unfortunately been marginal at best [@B35]. Since most of the strategies have relied on self-antigens, it is likely that vaccination alone is not sufficient to overcome the T cell tolerance and combinatorial therapies may be necessary.

### 1.b. Association with aging

Aging has long been known to be associated with immune system changes. It is also known that immune profiles are associated with survival. An "immune risk profile" comprising an inverted CD4:CD8 ratio, accumulation of CD8+ CD28- late-differentiated T cells, poor proliferative capacity, few B cells and CMV-seropositivity, is associated with significantly increased 2-, 4- and 6-year mortality in very elderly people. Expression of CD95 on lymphocytes can be predictive of successful aging. In the section above, we identified some key factors in the association of cellular immunity with prognosis of EOC. The presence of infiltrating CD8+ cells and a better CD8/Tregs ratio is associated with a better prognosis in several studies. Cellular immunity is one of the key areas impacted by immunosenescence. Aging is associated with a decrease in NK cell function, a decrease in NK cell activation receptors, and an increase in inhibitory Killer-cell Immunoglobulin-like Receptor (KIR) expression. It is also associated with an increase in exhausted CD8+ T-cells that are unable to undergo clonal expansion and interfere with immune response to tumors. That increase in senescent CD8+ T-cells has been associated with an increased incidence of both solid and hematologic malignancies. A good string of data point to an association of this CD 8+ T-cells exhaustion with persisting antigenic stimulation linked to CMV infection [@B38]. Exercise might help reduce senescent CD8+ T cells (at least in the short term) [@B39]. Dendritic cells decrease in numbers and in positive costimulatory proteins, but show an increase in PD-L1 expression, resulting in decreased T-cell activation [@B38].

### 1.c Association with age in EOC

We did not find articles exploring and/or linking age-associated changes in immunity with prognosis in EOC.

### 1.d Summary

In summary, there is strong evidence that cellular and humoral immunity is associated with outcomes in EOC. Aging induces multiple changes in cellular immunity and more broadly immune response. The two phenomena have not been studied together yet, but the data hint on a promising venue to explore for understanding the worsening of EOC prognosis with age.

2. Cytokines and inflammation {#Section2}
=============================

2.a. Association with prognosis in EOC
--------------------------------------

A large amount of data supports the involvement of the inflammatory stromal microenvironment, caused by overexpression of cytokines or chemokines, in promoting EOC tumorigenesis, progression and resistance to chemotherapy. The tumor milieu in EOC development is enriched with a broad spectrum of pro-inflammatory cytokines and chemokines. In particular, several of these cytokines, such as tumor necrosis factor (TNF)-α, interleukin (IL)-1, IL-6, and IL-8 produced by tumor itself and/or activated by immune cells are known to influence clinical disease status and prognosis [@B40]-[@B43].

IL-6 is a pleiotropic cytokine that has both anti- and pro-inflammatory roles. It is a potent pro-angiogenic cytokine secreted by EOC cells, mesothelial cells, fibroblast or macrophages [@B44]. IL-8 is a pro-inflammatory chemokine secreted by multiple cell types such as monocytes, mesothelial cells, endothelial cells, and tumor cells. C-reactive protein (CRP) is one of the most important acute phase proteins produced in response to inflammation and has both pro-inflammatory and anti-inflammatory actions.

Higher serum and ascites levels of these cytokines have been found in patients with EOC than in patients with other malignancies, and levels have been also shown to correlate with the extent of disease and poor clinical outcome [@B41], [@B45]. In addition to its local effects in the tumor microenvironment, tumor -derived IL-6 can stimulate paraneoplastic thrombocytosis in patients with advanced EOC that, in turn, is associated with poor prognosis [@B45]. Cytokines and chemokines have also been evaluated as biomarkers for progression-free survival (PFS) and overall survival (OS) in advanced EOC. Kolomeyevskaya et al showed that ascites levels of tumor necrosis factor (TNF)-α, IL-6 in pretreatment condition were associated shorter PFS intervals [@B46].

Biologic effects of other cytokines have been studied in the cytokine network of malignant ascites fluid. Matte et al reported higher levels of osteprotegerin (OPG), IL-10 and leptin in EOC ascites were associated with shorter PFS. IL-10 was shown to promote the anti-apoptotic activity of malignant ascites whereas OPG did not [@B47].

2.b Association with aging (in general)
---------------------------------------

Among the aging-associated immune system changes, impaired innate immunity as measured by low production capacity of pro- and anti-inflammatory cytokines is predictive of frailty in elderly and associated with a two-fold overall mortality risk [@B48]. Studies in centenarians indicate that these individuals present both an increase in inflammatory molecules (IL-6, IL-15, IL-18, CRP, serum amyloid A, fibrinogen, von Willebrand factor, resistin and leukotrienes), and a concomitant large quantity of anti-inflammatory molecules (adiponectin, TGF-β, IL-1 receptor antagonist, cortisol, anti-inflammatory arachidonic compounds). This suggests that an optimal balance might be linked to successful longevity [@B49]. Inflammaging is also associated with changes in the hematopoietic balance favoring the myeloid over the lymphoid lineage [@B50].

Interleukin-6 (IL-6) levels increase with age and it plays central roles in initiating and modulating inflammatory responses to injury and infection [@B51]. It is thought to reflect an age-associated loss of regulation of the IL-6 gene. IL-6 rise is also associated with obesity, comorbidity burden, leukocytosis, and slower walking speed, a robust predictor of mortality [@B52], [@B53]. The rise of IL-6 and CRP are both good predictors of mortality, as well as physical and cognitive performance, in elderly cohorts of both successful aging and usual aging individuals [@B54], [@B55].

The identification of key inflammatory markers associated with prognosis in cancer and aging is an ongoing one. An emerging index is the Glasgow prognostic score (GPS), associating CRP and albumin levels. It appears not only to be associated with aging, but also with multi-morbidity, and supports a role of inflammation as a mediator of the negative impact of multi-morbidity on the behavior of cancer itself [@B56]. Other large inflammation and aging studies have identified similar predictors. For example, IL-6 and D-dimers correlated with higher mortality at 5 years and decrease function at 4 years [@B57]. In the In Chianti study, an inflammatory index: log (IL-6) + 2 log (sTNFR1) correlate with 10 year mortality in elderly [@B58].

2.c Association with age in EOC
-------------------------------

In a multicenter study, both age and CRP were associated with worse prognosis in EOC patients, but the effect of age completely disappeared in multivariable analysis while the effect of CRP was maintained, suggesting the hypothesis that CRP or covarying inflammation mechanisms might mediate part of the worse prognosis with aging. Patients with serum CRP \< or =1 mg/dL versus \>1 mg/dL had an overall 5-year survival of 82% versus 58.5% (P \< 0.001) [@B59].

2.d Summary
-----------

In summary, the literature on inflammation and inflammaging suggest potential links with outcomes, best documented for IL-6 and CRP, although the role of confounding factors needs to be clarified.

3. Microenvironment, angiogenesis {#Section3}
=================================

3.a. Association with prognosis in EOC
--------------------------------------

Tumors are complex tissues composed of tumor cells, as well as stroma consisting of blood and lymphoid vessels, nerves, fibroblasts and extracellular matrix proteins, endothelial cells, pericytes, and immune cells. These collectively comprise the tumor microenvironment. It is becoming apparent that the microenvironment plays an important role in allowing the tumor to express its full neoplastic phenotype and that non-malignant cells have potential as therapeutic targets. For example, growing evidence suggest that cancer promotes increased micro-vessel density, recruits reactive stromal fibroblasts and different inflammatory cells and releases peptide-signaling molecules and proteases [@B44].

Among multiple microenvironment components, significant progress has been made for vascular endothelial growth factor (VEGF) in EOC last decade [@B60]. Its expression correlates with initial stage at diagnosis and shorter PFS and OS in EOC [@B61]. Bevacizumab, a monoclonal antibody to VEGF-A, was first demonstrated to have an antitumor activity as monotherapy in recurrent EOC in 2007 and has since become an important and potent therapeutic agent in the management of EOC [@B62].

Furthermore, the role of VEGF in tumor immunity has been recently reported by Horikawa et al. [@B63]. They analyzed 56 advanced high-grade serous ovarian cancer (HGSOC) cases by gene expression microarray and immunohistochemistry for VEGF, CD8, and CD33 to reveal that the upregulation of several myeloid cell chemoattractants and the downregulation of lymphocytes-related pathways in cases with high VEGF expression. VEGF expression correlated with myeloid-derived suppressor cells (MDSC) infiltration in immunohistochemical analysis. Cases with high MDSC infiltration, which was inversely correlated with intratumoral CD8+ T-cell infiltration, exhibited shorter overall survival. VEGF expression in EOC induced MDSCs, inhibited local immunity, and contributed to poor prognosis. This may explain the potential benefit of the combination therapeutic effects from VEFG inhibitor and various immunotherapies.

Beyond VEGF, there is literature addressing epithelial-mesenchymal transition (EMT). EMT often starts from the loss of E-cadherin (E-cad) to loosen the intercellular adhesions between the cancer cells. During the process of EMT, cancer cells acquire a more invasive phenotype. In the human normal ovary, the surface epithelium (OSE) is negative for E-cadherin (E-cad) expression and displays a baso-lateral distribution of Caveolin -1 (cav-1) [@B64]. Cav-1 expression is frequently lost or down-regulated in EOC, whereas E-cad is expressed *de novo* at least during early stages of tumor progression [@B64]-[@B66]. Down-regulation or loss of cav-1 might contribute significantly to the spread of tumor cells as opposed to cell to cell adhesion from the primary tumor [@B67]. Expression of cav-1 in the peritumoral stroma is associated with histological grade in ovarian serous tumors. However, Cav-1 expression was not an independent prognostic factor in survival analysis [@B68]. Integrins are transmembrane receptors that facilitate cell-extracellular matrix adhesion and it recruit complex signaling events and integrin signaling regulates migration, invasion, proliferation, and survival through integrin-linked kinase (ILK), mitogen-activated protein kinase (MAPK), protein kinase B (PKB/Akt), or nuclear factor kappa B (NF-*κ*B) [@B69]. In EOC, about 40% (42 of 107) of patients with stage II-IV disease showed *α*5*β*1-integrin positive staining. The median survival of the patients with *α*5*β*1-integrin overexpression was significantly worse [@B70].

In addition, CD117 (c-kit) expression in fibroblast-like stromal cells in EOC was closely linked to histologic subtype, poor differentiation and stage, and it was significantly associated with poor PFS and OS [@B71].

Activation of the signal transducers and activators of transcription 3 (STAT3) pathway is associated with uncontrolled cell growth, through overexpression of oncogenes such as c-myc and cyclin D as well as pro-survival mechanisms in not just the tumor cells but also the cancer microenvironment [@B72]. STAT3 activating mutations have been associated with poorer response to first-line platinum-based therapy in patients treated for EOC, suggesting its role in chemotherapy resistance [@B73].

3.b. Association with aging (in general)
----------------------------------------

Aging affects the tumor microenvironment in various ways. Cellular senescence generates inflammation via alterations of their chemokines secretions, creating a recognizable pattern called the Senescence-associated secretory phenotype (SASP). This has been associated with multiple chronic diseases, including cancer. Multiple insults induce an activation of the p53 and p16^ink4a^ tumor suppressor pathways and subsequent cell senescence. Senescent cells remain metabolically active. They alter the microenvironment, attract immune cells, and paradoxically induce malignant phenotypes in adjacent cells. The individual pro-inflammatory cytokines, chemokines, and proteases composing a SASP vary from tissue to tissue, but common proteins associated with SASP are TNF-α, IL-6, metalloproteinases (MMPs), Monocyte Chemoattractant Protein-1(MCP-1), and IGF-binding proteins [@B74]. SASP is thought to be the main driver of age-related inflammation. Cav-1 is a gatekeeper of cellular senescence and is overexpressed with aging. It has been associated with several chronic diseases such as cancer, diabetes, or atherosclerosis [@B75].

3.c Association with age in EOC
-------------------------------

Our literature search did not identify any article exploring both in conjunction.

3.d Summary
-----------

In summary, VEGF and its modulation have demonstrated a role in EOC. The microenvironment seems to play a key role in this setting and is the focus of intense research. Aging affects the microenvironment, as senescent cells create a SASP. While literature linking the two is still lacking, this appears a very promising venue to research, as well as large potential for therapeutic interventions.

4. Chemotherapy resistance mechanisms {#Section4}
=====================================

4.a Association with prognosis in EOC
-------------------------------------

Chemotherapy resistance is an important factor in the management of and prognosis of EOC. For instance, it is well known that platinum refractory, resistant and sensitive group after completion of adjuvant treatment with paclitaxel and carboplatin have differences in their prognosis. In general, chemoresistance can be influenced by numerous factors pharmacokinetics to drug exposure, differences in cancer biology, immune responses and the microenvironment [@B76], [@B77]. This section will focus primarily on pharmacokinetics.

Primary resistance can occur as a result of factors that may prevent therapeutic concentrations of active drugs from being achieved, secondary to biological conditions affecting drug absorption, distribution, metabolism and elimination. These conditions can be affected by age and/or alterations in genes controlling drug metabolizing enzymes. Overexpression of ATP-Binding Cassette (ABC) drug transporters which results in multidrug resistance (MDR) has been shown to result in resistance to carboplatin and paclitaxel and ultimately chemoresistant disease. This and other ABC-related drug transporters have been shown be associated with disease recurrence and shorter OS in EOC [@B78]-[@B80].

EOC resistance to platinum-based chemotherapy has also been associated with activation of genes involved in the epithelial to mesenchymal transition (EMT). Marchini, et al utilized the molecular profiles to develop a genetic chemoresistance signature in advanced EOC patients. Biopsies were taken during the primary surgery prior to chemotherapy and again after several lines of chemotherapy. Of the genes utilized to develop the resistance signature, about 70% were involved with the TLR4, TGF-β signaling pathway, remodeling of cell-cell and/or extracellular matrix interactions. The activation of these pathways are associated with EMT, and upregulation of several genes involved in this transition, including BMP and BAMBI along with miR-141, were also associated with worsening PFS and OS [@B81]. STAT3 has also been shown to be involved in EMT along with regulation by miRNA. Microarray assessment of microRNA expression levels in 57 patients with EOC across all stages and whom had all received first line platinum-based therapy found 7 miRNAs that were associated with platinum-resistance and 5 with differences in recurrence-free or overall survival [@B82].

Since the net result of chemoresistance is likely due to the interaction of multiple factors, genetic, epigenetic and proteomic methods have also been used to identify biomarkers. The value of identifying patients who are likely to respond to therapy is underscored by the heterogeneity of EOC. A proteomic assessment of EOC cell lines and 5 patient biopsy specimens identified 189 proteins associated with resistance to carboplatin and paclitaxel, including alpha-endonuclease, (ENOA), elongation factor Tu, mitochondrial (EFTU), glyceraldehyde-3-phosphate dehydrogenase (G3P), stress-70 protein, mitochondrial (GRP75), apolipoprotein A-1 (APOA1), peroxiredoxin (PRDX2) and annexin A (ANXA) as candidate biomarkers of drug-resistant disease [@B83].

4.b. Association with aging (in general)
----------------------------------------

An increase in resistance to chemotherapy with age has been demonstrated in hematologic malignancies such as acute myelogenous leukemia, where P-glycoprotein is expressed at high levels in 73% of patients older than 55 years compared to 37% of younger patients, generating an MDR phenotype [@B84]. However, such a pattern has not been consistently demonstrated for solid tumors.

4.c. Association with age in EOC
--------------------------------

The evidence to support biomarkers of chemoresistance specifically in older EOC patients is limited to primarily pharmacokinetic considerations. Patients ≥ 70 years of age with EOC who are treated with either cisplatin or carboplatin in combination with paclitaxel can receive therapeutic doses with manageable adverse effects, especially when given with growth factor to prevent myelosuppression [@B3]. The impact of age on exposure to paclitaxel was specifically assessed as part of the CALGB 9762 trial with paclitaxel 175 mg/m^2^ over 3 hours. There was an age-related decrease in paclitaxel clearance (p=0.007) and increase risk of neutropenia (p=0.006) but no increase in hospitalizations [@B85]. Additional studies have also supported a decrease in paclitaxel clearance in patients ≥ 65 years of age compared with those who are younger. As carboplatin undergoes renal elimination, area-under-the-curve (AUC)-based dosing includes correction for renal function. Empirical dose reductions for paclitaxel and/or carboplatin based on age are not recommended and age-related changes are more likely to result in higher rather than lower concentrations [@B86].

4.d. Summary
------------

In summary, the etiology of chemoresistance in EOC is heterogeneous with few studies specifically linking age related factors to occurrence. While pharmacokinetic and pharmacodynamics factors influence drug exposure, they are likely to play a minimal role in the development of chemoresistance. Predictive tools that incorporate genomics, proteomics and transcriptomics may more accurately elucidate the diverse causes of chemoresistance and ongoing trials are needed to translate these findings into clinical decision making.

5. DNA damage/Telomere,Cell cycle regulation/apoptosis/senescence {#Section5}
=================================================================

5.a Association with prognosis in EOC
-------------------------------------

Platinum containing drugs, the main treatment for EOC, are agents with different effects leading to cell death. Platinum induces double-strand DNA breaks and subsequently activation of the DNA damage response (DDR). This may involve activation of a cell cycle checkpoint, commencement of transcriptional programs, execution of DNA repair, or when the damage is severe, initiation of apoptosis. For instance, mutations in BRCA1 and/or BRCA2 have been well described for their ability to predict responses to platinum agents and PARP inhibitors, and ultimately led to their approval for patients with ovarian cancer harboring deleterious mutations in these genes [@B87]-[@B89].

Up-regulation of DNA damage signaling and repair pathway may be an important cause of therapeutic resistance in EOC. Ataxia-telangiectasia mutated (ATM) and Ataxia-telangiectasia mutated and rad3 related (ATR) are key proteins involved in DNA repair in response to DNA damaging chemotherapy [@B90]. And CHK1 and CHK2 have a role to relay the checkpoint signals from the proximal checkpoint kinases of the phosphatidylinositol 3-kinase family, particularly ATM and ATR [@B91]. Abdel-Rtah et al investigated ATM, ATR and DNA-PKcs (protein kinase C) protein expression and clinical outcome. High ATM protein expression was associated with platinum resistance (p=0.017). High DNA PKcs associated with advanced stage (p=0.018). Additionally, high ATM protein and mRNA, high DNA-PKcs protein and mRNA and high ATR protein were correlated with poor EOC specific survival [@B92]. However, retrospective analysis of polymorphisms in 5 DNA damage response genes (ATM, ATR, CHK1, CHK2, CDK12) were assessed in 240 patients with late stage EOC. OS and PFS were not affected by ATM, ATR or the CHK1/2 alterations. One genotype (G/G) of CDK12 was associated with shorter OS and PFS than A/A or A/G genotype, but predictive value was lost in the multivariate analysis [@B93]. Generally, the literature associating markers of DNA damage and telomere length with the prognosis of EOC is heterogeneous. A genome-wide association study (GWAS) meta-analysis with 2 independent sets of data showed no genome-wide association but two trends, namely, common variant rs8170 and rare variants in *ATG2B* may be associated with EOC overall survival [@B94].

Telomeres shortening can activate the DNA damage response which can force cells into senescence and animal data has demonstrated a higher number of senescent cells in older animals compared with younger animals [@B95]. This shortening can also increase susceptibility to oncogenic processes through development of chromosomal alterations and instability [@B96]. Additionally, senescent cells have been shown to secrete pro-oncogenic substances including cytokines linked to inflammation and factors that disrupt the extracellular matrix [@B97]. Telomeres are maintained by the ribonucleoprotein complex telomerase, composed of two core components, the catalytic unit telomerase reverse transcriptase (hTERT), and an RNA component (hTERC). Telomerase has been shown to be activated in up to 90% of malignancies, including 76% of EOC, and this upregulation has been associated with shorter DFS in EOC [@B98]. Activation of human TERT(hTERT) is associated with the tumorigenic role of Akt. Lee at al evaluated the significance of Akt phosphorylation and hTERT expression on the prognosis in 92 EOC The DFS of patients exhibiting coexpression of pAkt and hTERT was poor compared with that of the other patients (P = 0.013). Coexpression of pAkt and hTERT is a poor prognostic marker for EOC [@B99]. In the other hand, no association was found in the correlation of telomere length with EOC prognosis in a 1042 patient cohort study [@B100].

Cell cycle controlling proteins have received a lot of attention in oncology and aging in general. p16^INK4A^ and p53, both tumor suppressor proteins, co-regulate a plethora of transcripts in cell cycle [@B101]. More specific to EOC, a P21**^WAF1^**, P27**^KIP1^**, TP53 and C-MYC analysis was performed in 204 EOC treated with platinum-based regimens. High P21^WAF1^ labeling index (LI) was an independent positive predictor of platinum-sensitive response (*P* = 0.02). OS was positively influenced by P21^WAF1^ LI (*P* = 0.02) or by P21^WAF1^ plus P27^KIP1^ LI (*P* = 0.004) in the TP53-negative group only. Growth fraction was negatively associated with P21^WAF1^ and P27^KIP1^ indices in the TP53-negative group (*P* = 0.023 and 0.008, respectively), and these associations were borderline or lost in the TP53-positive group [@B102]. In another study of 47 EOC patients, Immunohistochemistry (IHC) staining was performed to evaluate HER2 and p16. p16 expression was associated with stage of disease (p0.04) and OS(p0.001) but HER2 was not associated with survival, histologic subtype or stage [@B103].

In the TCGA database, TP53 is mutated in 96% of EOC. However, different mutations can have very variable impacts on p53 function. Most mutations simply stabilize and inactivate P53, but some are actively oncogenic [@B104]. Because of that heterogeneity, studies have produced divergent results concerning the association of p53 with chemotherapy resistance in EOC [@B105].

5.b. Association with aging (in general)
----------------------------------------

It is well established that DNA damage, number of mutations and overall genomic instability increases with age. It has also been shown that there is high variation with respect to these occurrences between different tissues and they do not necessarily correlate with the proliferative nature of the specific tissue. Additionally, it has been shown that the efficiency of DNA repair mechanisms is indirectly related to age [@B106].Telomere length decreases with age. In humans, the average rate of decrease of leukocyte telomere length is 31 base pairs/year [@B107]. Telomere length is associated with years of healthy living, cancer prognosis, and human longevity [@B48].

P53 null mice develop a shortened life expectancy and increased tumor rates. However, a mouse model with a truncated p53 resulting in hyperactivation of p53 had a shorter lifespan but 0% tumor incidence compared to WT mice who had a 53% tumor incidence [@B108]. P16^INK4A^ is an inhibitor of CDK 4/6. Its level increases dramatically as tissue ages and is a biomarker of cellular senescence [@B109].

5.c Association with age in EOC
-------------------------------

In the Elderly Women GINECO Trial 3 that evaluated the impact of geriatric covariates on the prognosis of EOC women aged 70 and over treated with carboplatin, peripheral blood telomere length was evaluated. Short telomere was associated with age, and with treatment completion rates (p=0.02), serious adverse events (p=0.02), and a trend association with unplanned hospital admissions (p=0.08), and OS (p=0.06). There was a trend association with geriatric vulnerability parameters [@B110].

5.d. Summary
------------

In summary, cell cycle control is critical in both cancer behavior and aging. Multiple molecular pathways are involved and more work needs to be done in linking aging and prognosis in EOC on that aspect. Telomere length and p16^INK4A^ do appear interesting primary targets of exploration with some evidence to support an association with prognosis.

6. Metabolites {#Section6}
==============

Interest in cancer metabolism has been renewed due to our deeper mechanistic understanding of the interconnected signaling cascades and the identification of mutated genes and metabolic enzymes involved. These molecular insights have shown the possibility of developing novel anticancer treatments targeting tumor dependence on altered metabolic pathways. Here we limit discussion to Vitamin D and Insulin/IGF-1 pathway in association with EOC.

6.1. Vitamin D {#Section6.1}
--------------

### 6.1.a Association with prognosis in EOC

Many epidemiological studies have suggested that people with low levels of 25-hydroxyvitamin D (25(OH)D have increased risk of death [@B111]. Significant associations between circulating 25(OH)D levels at the time of diagnosis and the outcomes for cancer patients were reported on 17,332 cancer patients [@B112]. Pittas et al. found that intake of ordinary doses of vitamin D supplements was associated with a modest decrease in total mortality [@B113]. Wong et al. found 33% increase in cancer-specific mortality for every 30 nmol/L reduction in serum 25 (OH) D concentrations in elderly women [@B114]. The Australian Ovarian Cancer Study group reported that the higher serum 25(OH)D concentrations at diagnosis were associated with longer survival, but they did not find significant association with PFS or for 25(OH)D measured after primary treatment [@B115]. In another study, women with recurrent EOC were found to have lower levels of 25(OH)D compared to women with stable EOC [@B116].

### 6.1.b Association with aging (in general)

The majority of people with age 70 and older have decreased levels of serum 25(OH)D [@B117] in association to several factors: female gender, dark skin pigmentation, reduced capacity of skin production, reduced sun exposure, decreased intake of supplements, obesity, malabsorption disorders, reduced renal function, and certain medications. The average 70 year old individuals have a 75% reduced capacity to produce vitamin D compared to people in their twenties due to the reduction of 7-dehydrocholesterol [@B118]. One of the links between vitamin D and survival in elderly could be association between vitamin D and leukocyte telomere length, a marker of aging-related diseases, increased oxidative stress, and inflammation. Subjects with low vitamin D levels and high CRP serum concentrations had the shortest leukocyte telomere length, indicating a higher cumulative burden of oxidative stress and inflammation [@B119]. De Vita et al. evaluated the relationship between vitamin D levels and inflammatory cytokines in 867 patients over 65 years old. They observed that in older individuals 25(OH)D concentration is independently and inversely associated with IL-6 and positively with sIL6r, suggesting a potential anti-inflammatory role for vitamin D in older individuals [@B120].

6.2.Insulin/IGF-1 pathway
-------------------------

### 6.2.a Association with prognosis in EOC

The Insulin-like growth factor (IGF) system plays important role in regulation of normal cell growth and development, and tissue repair. It is comprised of two peptide ligands (IGF1 and IGF2) which are structurally similar to insulin, a family of six different IGF-binding proteins (IGFBPs, 1-6), and two membrane-spanning tyrosine kinase receptors (IGF1R and IGF2R). In cancer cells, it suppresses apoptosis and promotes cell cycle progression and angiogenesis [@B121]. IGFBPs play a complex role in physiological system which is mainly responsible for protecting IGF in circulation and delivering them to their target site. Increased IGF1R activity increases carcinogenesis, metastatic potential, and resistance to chemotherapy drugs [@B122]. In many cancer types, overexpression of IGF2 has been observed and it is associated with a poor prognosis [@B123], [@B124].

In ovarian cancer, Brokaw et al reported that IGF-I is involved in ovarian cancer progression in 215 patients with EOC and particularly, demonstrated that high serum levels of free IGF1 were associated with increased risk of cancer progression. These findings support that free IGF-I plays a more important role in the disease [@B125]. Yunusova et al also reported that the level of IGF1 in ascites was shown to be an independent predictor of objective clinical response to neoadjuvant chemotherapy in 59 patients with EOC [@B126]. The role of IGF2 has also been evaluated in EOC in multiple studies. High IGF2 gene expression is associated with advanced stage disease, higher tumor grade, and is independent predictor of poor survival in patients with EOC [@B127]-[@B129].

### 6.2.b Association with aging (in general)

Free IGF-1 levels were found to be increased in subjects above the age of 70 [@B130]. It has been reported that elderly patients may also have a small rise in the number of IGF type 1 receptors per cell [@B131].

6.3 Summary {#Section6.3}
-----------

In summary, as the prevalence of low Vitamin D levels increases in an aging population and is associated with worse cancer prognosis, it may explain some of the link of age with worse prognosis, although this has not been formally demonstrated. This could be targeted with a simple intervention. The role of the insulin/IGF-1pathway is more complex to assess.

7. Epigenetics and- miRNAs {#Section7}
==========================

7.1 Epigenetics {#Section7.1}
---------------

### 7.1.a Association with prognosis in EOC

The use of transcriptomics and clinical data analyzed by a computational method (PSFinder) was employed to risk-stratify patients with high-grade serous EOC. One good and two poor-survival groups were identified from 180 patients and then validated in 8 independent data sets, including a prospective cohort. The groups were characterized by 61 different transcript isoforms with the two poor prognostic groups being enriched for increased hypermethylation and alterations in genes related to stroma. Though this method was validated in patients of all ages, the median age was 58-65 across the cohorts with ranges up to 89 years of age [@B132]. The DNA methylation pattern associated with the long non-coding RNA HOX transcript antisense intergenic RNA (HOTAIR) has been associated with resistance to carboplatin and poor prognosis in EOC [@B133].

### 7.1.b Association with aging (in general)

DNA methylation is affected by aging with some genes becoming hypermethylated and others hypomethylated. The methylation of several genes is so closely correlated with aging that "epigenetic clocks" have been proposed to measure biological aging that perform well when compared with other markers of biological aging such as telomere length [@B134]. The methylation age measured in peripheral blood mononuclear cells (PBMC) has been associated with the risk of developing lung cancer in the Women\' Health Initiative Study [@B135].

### 7.1.c Association with age in EOC

In one study, patients with an active ovarian cancer had changes in PBMC methylation that were similar to those induced by aging. Multiple age-associated methylation changes were found in patients with recurrent ovarian cancer but not in patients in clinical remission nor healthy controls. The genes affected are associated with hematopoietic lineage and immune function [@B136]. As this was a cross-sectional study, it is unclear however whether these changes were simply reactive or whether they contributed to the relapse.

7.2 MicroRNAs {#Section7.2}
-------------

MicroRNAs (miRNAs) are small double stranded noncoding RNAs approximately 19-25 nucleotide in length. The main function of miRNAs is the regulation of gene expression in a post transcriptional manner [@B137]. MiRNAs are possibly produced by all mammalian cell types and appear to have a regulatory role in the magnitude of cellular processes. It is predicted that the human genome encodes thousands of miRNAs that collectively target the expression of more than 19,000 human genes [@B138]. Due to their abundance and regulatory function over numerous processes, it is no surprise that miRNA deregulation has been implicated in the development and/or progression of many human cancers. The typical genome of EOC is characterized by multitudes of chromosomal amplifications and deletions. Data from The Cancer Genome Atlas (TCGA) suggests that numerous miRNAs are located within these genomic regions of high variability in EOC [@B139] suggesting that miRNA may play a large role in EOC pathogenicity. Multiple studies have reported the possible roles of various miRNA in EOC development, progression, response to therapy, recurrence, and patient outcome. For comprehensive reviews, please see Katz et al, and Prahm et al, 2015 [@B140], [@B141]. Similarly, miRNA expression patterns appear to change during aging and most likely play a role in age related ailments (for review, see [@B142]). Interestingly, the overall abundance of miRNA transcripts are diminished in both cancer and during aging [@B143], [@B144].

### 7.2.a Association with age in EOC

Given the tremendous number of miRNA alterations that have been described in the EOC and the aging literature, we will focus this section on the common alterations that have been reported. After compiling the data reported in several review articles, we identified a list of miRNA commonly altered in both aging and EOC. While this cannot be considered an exhaustive list, we identified 13 miRNA associated with both aging and EOC, including those upregulated; miR-21, miR-126, miR-92a, miR-142-3p, and those downregulated; miR-19b, miR-22, miR-24, miR-146a, miR-150, miR-155, miR-25-3p, miR-106b, miR-191 [@B48], [@B140]-[@B142], [@B145]-[@B147]. Each of these miRNA may be involved in the regulation of a multitude of cellular processes, context dependent, or cell type specific. However, when evaluated as a group the commonality between these miRNA are regulatory roles in the control of immune function and inflammatory response.

*MiRNA upregulated in EOC and aging:* MiR-21 expression is most commonly associated with inflammation and has been suggested to be a biomarker of \'inflammaging\' [@B148]. The expression of miR-92a is elevated in a variety of cancer types and may positively regulate the differentiation of pro-inflammatory Th17, T helper cells [@B149]. Mir-126 has been implicated in tumor progression and may promote the suppressive function of regulatory T cells [@B150]. Further, miR-126 has been reported to promote or suppress inflammation depending on the context [@B151], [@B152]. MiR-142-3p has been associated with the pro-inflammatory function of dendritic cells in systemic lupus erythematosus [@B153], and in collaboration with miR-24 and miR-30b may interfere with macrophage and dendritic cell antigen processing and presentation [@B154].

*MiRNA downregulated in EOC and aging:* MiR-19b has been reported to modulate the inflammatory response [@B155]-[@B157], although this function of miR-19b may be context dependent. Philippe et al., found that miR-19b directly targets Toll-Like Receptor 2 (TLR2) mRNA and thus may function as a negative regulator or inflammation in Rheumatoid fibroblast-like synoviocytes [@B157]. Similarly, Cheng et al. reported that miR-19b suppressed the inflammatory response in intestinal epithelial cells by inhibition of Suppressor of Cytokine Signaling 3 (SOCS3) [@B155]. In contrast, Gantier et al. reported a positive regulation of proinflammatory cytokines by miR-19b in bone marrow derived macrophage and that overexpression of miR-19b resulted in increased basal inflammation in fibroblast-like synoviocytes [@B156]. MiR-22 was reported to promote inflammation in endothelial cells through a mechanism believed to involve miR-22 inhibition of ICAM-1 [@B158], [@B159]. In contrast, miR-24 and miR-106b may negatively regulate inflammation associated with the allergic response in T cells and bone marrow derived dendritic cells, respectively [@B160], [@B161]. In conjunction with miR-93, miR-106b also plays a role in the negative regulation of PDL-1 expression and the expression of the leukocyte chemoattractant, CXCL12 [@B162]. Depletion of miR-150 has been shown to impair the function of CD8+ T cells [@B163] and increase the secretion of inflammatory cytokines by CD4+ T cells [@B164]. MiR-146a and miR-155 appear to play multiple roles in the differentiation and maturation of immune cell lineages [@B165]-[@B168] and may have context dependent regulatory control in both the initiation and suppression of inflammatory responses [@B169]-[@B171]. Taken together, the altered expression of miRNAs common to OVCA and aging suggest that both situations may be characterized by a deregulation in both immune function and inflammatory response.

Several miRNAs show aging-associated expression changes [@B48]. Animal studies also show changes in ovarian microRNA profile with aging [@B146].

In summary, each of these miRNA may be involved in the regulation of a multitude of cellular processes, context dependent, or cell type specific. However, when evaluated as a group the commonality between these miRNA are regulatory roles in the control of immune function and inflammatory response. This may further support the links established between inflammation, age, and EOC prognosis mentioned in section 2.

7.3 Summary {#Section7.3}
-----------

In summary, methylation changes occur in both ovarian cancer and aging. Some aging-similar methylation patterns have been observed in a study of patients with active ovarian cancer, but more work needs to be done to understand its significance. Some miRNA have been report to be associated with both ovarian cancer and aging and are related to the control of immune function and inflammation.

8. Mitochondria related gene alterations, oxidation mechanisms {#Section8}
==============================================================

8.a Association with prognosis in EOC
-------------------------------------

As neoplastic cells accumulate in three-dimensional multicellular masses, local low nutrient and oxygen levels trigger the growth of new blood vessels into the neoplasm. The imperfect neovasculature in the tumor bed is poorly formed and inefficient and hence poses nutrient and hypoxic stress [@B172]. Hypoxic adaptation by cancer cells is essential for survival and progression of a tumor. The role of hypoxia in cancer cell metabolism is discussed in the context of tumorigenesis [@B173]. Oxidative stress is a key contributing factor in aging. Some work on mitochondria, oxidation and prognosis is available in EOC.

Kong et al. analyzed single nucleotide polymorphisms (SNPs) in the displacement loop (D-loop) of mitochondrial DNA (mtDNA) in patients with EOC [@B174]. They found that the alleles 309T and 324G were associated with a shorter post-operative survival. The mitochondrial transcription factor A( mtTFA) that helps transcription and maintenance of the integrity of mitochondrial DNA, can also be expressed in the cell nucleus in addition to expressed in mitochondria. In a univariate analysis of patients with serous EOC, the 56.7% who were positive for nuclear expression of mtTFA had a worse 5 year survival than the others (32% vs 42%, p= 0.021)[@B5], [@B175].

Hypoxia-inducible factor (HIF)-1α expression plays an important role in tumor progression and metastasis. Meta-analysis from 24 studies indicated that HIF-1α is related to the malignant degree, FIGO stage, histological grade, lymph node metastasis and 5-year survival rate (OR=11.46 (95 % CI, 3.43-38.29); P\<0.0001) of EOC [@B176].

8.b Association with aging (in general)
---------------------------------------

Oxidative stress is recognized as one of the contributing mechanisms to aging. Links have been proposed between chronic oxidative stress, inflammaging and immunosenescence [@B177]. Oxidative stress increases apoptosis due to the accumulation of oxidatively damaged biomolecules and contributes to the decrease of the lymphocyte pool. A major component of the antitumor response is tumor antigen-specific effector T cells. With vaccines, T cells become metabolically highly active and need glucose uptake to support glycolysis for biogenesis and ATP production. In this they are in direct competition with cancer cells. Metabolic fitness declines upon aging. Mitochondrial functions decrease due to accumulating mitochondrial DNA mutations, decreasing further the ability of TILs to compete for glucose in the tumor microenvironment [@B178]. Oxidative stress also leads to mitochondrial fragmentation and aging [@B179]. Age-dependent obesity is associated with a decline in mitochondrial complex IV activity, driven by HIF-1α [@B180].

8.c Association with age in EOC
-------------------------------

As HIF-1α expression is associated both with EOC survival and age-dependent obesity, it is tempting to explore a clinical correlation with prognosis. However, studies on the association of BMI and EOC prognosis show a somewhat complex association that will need further elucidation [@B181], [@B182].

8.d Summary
-----------

In summary, while oxidative stress offers some hypothetical links between aging and EOC prognosis, little evidence is available so far to test this hypothesis.

General conclusion
==================

We reviewed multiple potential culprits to explain the poor prognosis of elderly patients with EOC, from cellular immunity, inflammation/cytokine changes, micro-environment, chemotherapy resistance, cell cycle regulation/apoptosis/senescence, and metabolites to novel gene alterations associated with the aging process. We found that very few studies have assessed the question directly. Since this constitutes to our knowledge the first comprehensive effort at assembling evidence on the biological mechanisms that may underlie the worsening prognosis of ovarian cancer with aging, this should be viewed as a survey of the state of the field. Oncogeriatric research has shown that the impact of biological and physiological aging varies from tumor to tumor: for example, acute myelogenous leukemia arises from earlier stem cells in older patients; colon cancer is more likely right-sided; breast cancer more likely hormone receptor positive. Therefore evidence specific to ovarian cancer needs to be developed. We hope our effort will contribute in giving a survey and insights into which mechanisms appear the most promising to explore. Some limitations apply. As this is not a formal systematic review, we may have missed other potential mechanisms. Our group however combined experts in geriatric oncology, ovarian cancer, and pharmacology, ensuring that most plausible mechanisms were researched and either included or discarded for lack of relevant evidence. Among the mechanisms affecting both aging and EOC prognosis, those involving immunity and inflammation appear those whose potential is supported by the strongest parallel evidence, although our review highlighted the potential of other mechanisms. All will have to be tested in studies exploring jointly the correlation of these mechanisms with age and EOC prognosis.
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###### 

Biologic mechanisms linked to ovarian cancer prognosis in possible relationship to aging

  Biologic Mechanisms                                                  Key findings
  -------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  1.Cellular and humoral immunity                                      Strong evidence that cellular and humoral immunity is associated with outcomes in EOC. Aging induces multiple changes in cellular immunity and more broadly immune response. Not studied together yet, but promising potential.
  2.Cytokines and inflammation                                         The literature on inflammation and inflammaging suggests potential links with outcomes, best documented for IL-6 and CRP, although the role of confounding factors needs to be clarified.
  3.Microenvironment, angiogenesis                                     VEGF and its modulation have demonstrated a role in EOC. The microenvironment seems to play a key role in this setting and is the focus of intense research. Aging affects the microenvironment, as senescent cells create a SASP. While literature linking the two is still lacking, this appears a very promising venue to research, as well as large potential for therapeutic interventions.
  4.Chemotherapy resistance mechanisms                                 The etiology of chemoresistance in EOC is heterogeneous with few studies specifically linking age related factors to occurrence.
  5.DNA damage/Telomeres, Cell cycle regulation/apoptosis/senescence   Telomere length and p16^INK4A^ appear interesting primary targets of exploration with some evidence to support an association with prognosis.
  6.Metabolites                                                        As the prevalence of low Vitamin D levels increases in an aging population and is associated with worse cancer prognosis, it may explain some of the link of age with worse prognosis, although this has not been formally demonstrated. The role of the insulin/IGF-1pathway is more complex to assess.
  7.Epigenetics and miRNAs                                             Methylation changes occur in both ovarian cancer and aging. Some aging-similar methylation patterns have been observed in a study of patients with active ovarian cancer, but more work needs to be done to understand its significance. Some miRNA have been reported to be associated with both ovarian cancer and aging and are related to the control of immune function and inflammation.
  8.Mitochondria related gene alterations, oxidation mechanisms        While oxidative stress offers some hypothetical links between aging and EOC prognosis, little evidence is available so far to test this hypothesis.
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